Members of the 160-kDa nuclear receptor coactivator family (p160 coactivators) bind to the conserved AF-2 activation function found in the hormone binding domains of nuclear receptors (NR) and are potent transcriptional coactivators for NRs. Here we report that the C-terminal region of p160 coactivators glucocorticoid receptor interacting protein 1 (GRIP1), steroid receptor coactivator 1 (SRC-1a), and SRC-1e binds the N-terminal AF-1 activation function of the androgen receptor (AR), and p160 coactivators can thereby enhance transcriptional activation by AR. While they all interact efficiently with AR AF-1, these same coactivators have vastly different binding strengths with and coactivator effects on AR AF-2. p160 activation domain AD1, which binds secondary coactivators CREB binding protein (CBP) and p300, was previously implicated as the principal domain for transmitting the activating signal to the transcription machinery. We identified a new highly conserved motif in the AD1 region which is important for CBP/p300 binding. Deletion of AD1 only partially reduced p160 coactivator function, due to signaling through AD2, another activation domain located at the C-terminal end of p160 coactivators. C-terminal coactivator fragments lacking AD1 but containing AD2 and the AR AF-1 binding site served as efficient coactivators for full-length AR and AR AF-1. The two signal input domains (one that binds NR AF-2 domains and one that binds AF-1 domains of some but not all NRs) and the two signal output domains (AD1 and AD2) of p160 coactivators played different relative roles for two different NRs: AR and thyroid hormone receptor.
Transcriptional activator proteins modulate gene transcription by binding to specific enhancer elements associated with the promoters of their target genes. The subsequent transcriptional activation of the gene involves local modifications in chromatin structure and recruitment of a transcription initiation complex containing RNA polymerase II to the promoter (3, 52) . Recent studies have shown that DNA-bound transcriptional activator proteins accomplish these two tasks with the assistance of a class of proteins called transcriptional coactivators (19, 47, 48, 51) . Coactivators are generally not DNA binding proteins but rather are recruited to the promoter through protein-protein contacts with the transcriptional activators. They may be thought of as adaptors or components in a signaling pathway that transmit transcriptional activation signals from DNA-bound activator proteins to the chromatin and transcription machinery.
The nuclear receptors (NR) comprise a large superfamily of more than 100 structurally related proteins, many of which bind to and serve as transcriptional regulators for specific genes (2, 13, 14, 38, 51, 52) . The most well-characterized group of NRs include receptors for steroid and thyroid hormones, retinoic acid, and vitamin D. Binding of the appropriate hormones to the steroid hormone receptors causes a conformational change that allows the receptors to bind (usually as homodimers) to enhancer elements in the promoters of target genes, recruit transcriptional coactivators, and activate transcription. The receptors for thyroid hormones, retinoic acid, and vitamin D bind to their enhancer elements (generally as heterodimers with retinoid X receptors) even in the absence of hormone and repress transcription; hormone binding triggers a conformational change like that in the steroid receptors which allows recruitment of coactivators and thus causes transcriptional activation. The hallmark of all NRs is a highly conserved DNA-binding domain (DBD) located in the central part of the polypeptide chain. The hormone binding domain (HBD), which is also conserved but somewhat less than the DBD, is a large C-terminal domain; in addition to binding hormone, it also contains an important highly conserved activation function, AF-2, which is one of two domains primarily responsible for activation of transcription by the hormone-activated, DNAbound NR (12, 14, 22, 32, 34) . The other activation function, AF-1, found in the N-terminal domains of most NRs, is not conserved in length or sequence. The relative importance of AF-1 and AF-2 varies among different NRs (20, 29, 34) and also can be influenced by ligand, cell type, and target gene promoter (39, 53) .
Very little is known about the mechanism of action of AF-1 domains of NRs. In contrast, AF-2 domains of essentially all NRs that function as transcriptional activators are highly conserved in sequence and three-dimensional structure (8, 9, 15, 58) . A substantial number of candidate coactivator proteins have been identified, by virtue of their ability to bind HBDs (AF-2 domains) of hormone-activated NRs (26, 51) . While a number of these proteins have been shown to enhance NR function, the most well characterized among these is a family of three structurally related but genetically distinct 160-kDa proteins called the NR coactivators or p160 coactivators. The three family members are steroid receptor coactivator 1 (SRC-1), glucocorticoid receptor interacting protein 1 (GRIP1; also called TIF2), and pCIP (also named RAC3, ACTR, AIB1, and TRAM1) (51) . There is approximately 40% amino acid se-quence identity between any two different family members (1, 24) ; functionally distinct splicing isoforms of these proteins have been reported (27, 30) . Transient expression of any one of these proteins enhances transcriptional activation by hormone binding NRs and some orphan NRs (51) . Antibody microinjection experiments in mammalian cells (50) and functional assays for NRs in yeast cells (24, 56) indicate that these coactivators are required for efficient NR function.
The current study is focused on defining the signal input domains of the p160 coactivators, which interact with NRs, and the signal output domains which transmit the transcriptional activation signal to the chromatin and transcription machinery. Previous studies suggested that there was only one primary type of signal input domain and one primary signal output domain. The conserved AF-2 domain of any hormone-activated NR binds to the conserved NR interaction domain (NID) found in the central part of the polypeptide chains of the three p160 coactivators (see Fig. 1A ) (9, 10, 21, 50, 55) . The NID contains three conserved sequences called NR boxes, which contain the motif LXXLL, where L is leucine and X is any amino acid. Binding of the NID to the NR AF-2 domain is sufficient to recruit the coactivator to enhance NR function. Recently, it was shown that the AF-1 domains of the progesterone receptor (PR) and the estrogen receptor (ER) also interact with p160 coactivators, although it is not known whether PR and ER AF-1 bind to the same or different sites on the coactivators (43, 57) . Whether AF-1 regions of other NRs also function in this manner remains to be determined and is addressed here for the androgen receptor (AR). The lack of homology in the AF-1 regions of NRs suggests that they may function by a variety of different mechanisms.
A single domain in p160 coactivators that contributes to signal output has also been defined. This conserved domain, called activation domain 1 (AD1) is located approximately between amino acids 1040 and 1120 of GRIP1, which has 1,462 amino acids (see Fig. 1A ) (7, 25, 55) . The signaling function of AD1 is due to AD1's ability to bind CREB binding protein (CBP) or p300, two related proteins that serve as secondary coactivators for NRs; i.e., CBP or p300 is recruited to the promoter by its interaction with the primary p160 coactivators. While a full mechanistic understanding of CBP and p300 function awaits further study, their action is at least partly due to their ability to acetylate histones, transcriptional activators, and/or components of the transcription initiation complex such as basal transcription factors (18, 28, 31, 42) . Acetylation of the N-terminal tails of histones alters nucleosome and chromatin structure by interfering with the association between the basic histone tails and the acidic sugar-phosphate backbone of the DNA helices wrapped around the nucleosomes (35, 36, 47) . Mutations in the AD1 region greatly reduced or eliminated the ability of the p160 proteins to bind CBP or p300 and to serve as coactivators for NRs (7, 55) , suggesting that AD1 was the principle coactivator domain responsible for downstream signaling.
Another putative AD, AD2, located in the highly conserved C-terminal region of the p160 proteins, was initially identified by its ability to activate transcription when fused to Gal4 DBD but was not a binding site for CBP or p300 (7, 55) . To date, there has been no evidence of AD2 function in assays that test the ability of p160 proteins to act as coactivators, i.e., in true coactivator assays. In the current study we tested AD2's ability to serve as a signal output domain for p160 proteins in true coactivator assays. This effort was facilitated partly by identification of a new AD1 deletion that eliminated CBP/p300 binding without compromising other coactivator functional domains. The relative importance of the AF-1 and AF-2 binding sites as signal input domains and the relative importance of AD1 and AD2 as signal output domains of p160 proteins were studied by testing the ability of p160 proteins and various p160 protein fragments and mutants to serve as coactivators for AR and the thyroid hormone receptor (TR).
MATERIALS AND METHODS
Plasmids. Mammalian expression vector pSG5.HA, which we used to express proteins fused with an N-terminal hemagglutinin (HA) tag in mammalian cells from simian virus 40 promoter and in vitro from a T7 promoter, was described previously, as were pSG5.HA-GRIP1 (full length), pSG5.HA-GRIP1 1122-1462 , and pSG5.HA-SRC-1a (full length) (6) . pSG5.HA-GRIP1.NRBIImϩIIIm, encoding full-length GRIP1 containing mutations in NR boxes II and III (leucines 693, 694, 748, and 749 all changed to alanines), was constructed by inserting the EcoRI insert from the corresponding pGAD424 vector (10) into pSG5.HA. Deletion of GRIP1 codons 1057 to 1109 (⌬1057-1109) and 1095 to 1106 (⌬1095-1106) was performed with the Promega Gene Editor kit. PCR-amplified DNA fragments encoding parts of mouse GRIP1 or human SRC-1 were inserted into pSG5.HA by using the indicated restriction endonuclease sites: GRIP1 5- Mammalian expression vectors for human NRs, pSVAR 0 (4), pCMV.AR 0 (5), and pCMX.hTR␤1 (15) were described previously. Plasmids encoding Gal4DBD-ARAF1 and Gal4DBD-ARAF2 were constructed by inserting, respectively, an EcoRI-XhoI PCR fragment encoding hAR and a BamHI-PstI fragment encoding hAR 644-919 into pM (Clontech). Luciferase reporter plasmids for mammalian cells included MMTV-LUC, containing the native mouse mammary tumor virus promoter, and MMTV(TRE)-LUC, in which native glucocorticoid response elements (GRE) were replaced by a single palindromic thyroid receptor response element (TRE) (54); and GK1, controlled by a minimal adenovirus E1b promoter and five tandem Gal4 response elements (57) . Chloramphenicol acetyltransferase (CAT) reporter gene rPB-CAT was constructed by inserting a PCR-amplified SalI-XbaI genomic DNA fragment representing nucleotides Ϫ376 to ϩ41 of the androgen responsive rat probasin promoter (44) into pCAT-basic (Promega).
Yeast expression vectors encoding Gal4 DBD fused with AR HBD (23), TR␤1 HBD (10), or the p300 C terminus (25) or encoding Gal4 AD fused with fulllength GRIP1 (wild type or with mutations in NR boxes II and III) or full-length SRC-1a (10) were described previously. The yeast expression vectors for the fusion proteins Gal4AD-SRC-1e and Gal4AD-SRC-1a were constructed by inserting SmaI/SalI PCR fragments into pGAD424 (Clontech). The expression vectors coding for Gal4AD-GRIP1⌬1057-1109 and Gal4AD-GRIP1⌬1095-1106 fusion proteins were constructed by moving an EcoRI fragment encoding full-length GRIP1 containing each deletion from the pSG5.HA vector described above into pGAD424.
Bacterial expression vectors encoding glutathione S-transferase (GST) fusion proteins were constructed by inserting PCR-amplified cDNA fragments into vectors as follows: a BamHI/EcoRI fragment encoding GRIP1 563-1121 and a BamHIXhoI fragment encoding AR AF-1 (hAR amino acids 1-555) were inserted into pGEX-2TK (Pharmacia); an EcoRI-SalI fragment encoding GRIP1 1122-1462 and an EcoRI-XhoI fragment encoding CBP 2041-2240 were inserted into pGEX-4T1 (Pharmacia).
Cell culture and transfections. CV-1 cells (16) were maintained in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum. Approximately 20 h before transfection, 10 5 cells were seeded into each well (3.3 cm in diameter) of six-well dishes. Cells in each well were transfected with SuperFect Transfection Reagent (Qiagen) according to manufacturer's protocol with a total of 2.1 g DNA, including 0.1 g of ␤-galactosidase (␤-Gal) expression vector pCMV-␤-Gal (37) as an internal control to monitor transfection efficiency. After transfection, cells were grown in medium supplemented with 5% charcoalstripped fetal bovine serum for 40 h before harvest; where indicated, medium was supplemented with 20 nM dihydrotestosterone (DHT) for AR or 20 nM 3,5,5Ј-triiodo-L-thyronine (T3) for TR during the last 30 h of growth. Luciferase and ␤-Gal assays were performed by using the Promega Luciferase Assay Kit and Promega ␤-Galactosidase Assay Kit according to manufacturer's protocols. CAT assays were described previously (60) . Luciferase and CAT activities are shown as the mean and standard deviation of three transfected wells and are representative of at least three independent experiments.
Immunoblots. COS-7 cells (16) were grown and transfected as described above except that 60-mm dishes were seeded with 2 ϫ 10 5 cells and transfected with 6 g of pSG5.HA plasmid encoding coactivators or their fragments. At 40 h after transfections, cells were harvested in 150 l of radioimmunoprecipitation assay buffer (45) , and 25 l of each cell extract was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Immunoblotting was performed as described previously (10) with rat monoclonal antibody 3F10 against the HA epitope (Boehringer Mannheim) at 100 ng/ml as the primary antibody and horseradish peroxidase-conjugated anti-rat immunoglobulin G VOL. 19, 1999 NUCLEAR RECEPTOR COACTIVATOR FUNCTIONAL DOMAINS 6165
on June 24, 2017 by guest http://mcb.asm.org/ (sc-2006; Santa Cruz Biotechnology) at 160 ng/ml (1:2,500 dilution) as the secondary antibody. Protein-protein interaction assays. Yeast two-hybrid assays were performed as previously described (10) . Where indicated, yeast cultures were incubated for approximately 15 h before harvest with 100 nM DHT for AR and 10 M T3 for TR. Data presented are the mean and standard deviation from three yeast transformants and are representative of two or more independent experiments.
GST pulldown assays were performed as described previously (23) except that 35 S-labeled proteins were produced with the TNT T7-coupled reticulocyte lysate system (Promega), and GST fusion proteins were produced in Escherichia coli BL21. To prepare inactive and hormonally activated AR, separate translations of AR were performed in the absence or presence of 1 M DHT.
RESULTS
Correlation of physical and functional interactions between AR AF-2 and p160 coactivators. Interactions between NR HBDs (i.e., the AF-2 activation functions) and the NR boxes of p160 coactivators allow the coactivators to mediate reporter gene activation by NRs (10, 21, 50) . While these interactions are essentially universal for NRs that act as transcriptional activators, the efficiency of the interaction is influenced by a variety of coactivator sequences adjacent to and away from the NR boxes; the specific additional coactivator sequences required vary for each NR HBD (9, 10, 25, 40) . For example, the HBDs (i.e., the AF-2 regions) of most NRs tested (e.g., TR) can interact efficiently with a small coactivator protein fragment representing the central NID of any of the three p160 coactivators. However, efficient binding of the AR HBD and the glucocorticoid receptor HBD to GRIP1 requires the NID plus an auxiliary region, NID aux , located near the CBP binding domain (Fig. 1A) (9, 25) . SRC-1 lacks the NID aux function, and so the central NID of SRC-1 binds poorly to AR HBD. However, one splicing variant of SRC-1, SRC-1a, has a unique fourth NR box motif at its extreme C terminus, and this motif binds AR HBD (10) . Another SRC-1 splicing variant, SRC-1e, lacks the fourth NR box motif (Fig. 1A) , and therefore we predicted that it would not bind the AR HBD (10).
We therefore tested whether GRIP1, SRC-1a, and SRC-1e differ in their abilities to bind AR HBD and thus to serve as coactivators for AR (10) . Protein-protein interactions were examined in yeast two-hybrid assays; AR HBD fused to Gal4 DBD and p160 coactivators fused with Gal4 AD were expressed in a yeast strain containing a chromosomally integrated ␤-Gal reporter gene controlled by Gal4 binding sites, and ␤-Gal activity was used as an indication of the proteinprotein interaction. As we showed previously, GRIP1 interacted with AR HBD somewhat more efficiently than did SRC1a, and both interactions were androgen dependent ( Fig. 1B ) (10) . In contrast, SRC-1e or a truncated SRC-1a with a deleted C-terminal NR box IV failed to interact with AR HBD (Fig.  1B) . All four of these coactivator proteins interacted well with a C-terminal fragment of p300, indicating that the coactivator fusion proteins were expressed and capable of interacting in the yeast two-hybrid assays.
Given their different AR AF-2 binding efficiencies, we tested the abilities of GRIP1, SRC-1a, and SRC-1e to enhance transcriptional activation by AR AF-2. The AR HBD, containing the AF-2 domain, was fused with Gal4 DBD and expressed transiently in CV-1 cells with various p160 coactivators and a reporter gene controlled by Gal4 response elements. The hormone-dependent activity of the AR AF-2 fusion protein was dramatically enhanced by GRIP1 and only modestly enhanced by SRC-1a; SRC-1e had no effect on AR AF-2 activity (Fig.  1C) . Thus, the ability of the coactivators to enhance the activity of AR AF-2 correlated with binding of the coactivators to AR AF-2 (compare Fig. 1B and C) .
GRIP1, SRC-1a, and SRC-1e have approximately equal coactivator function for full-length AR. In spite of their differential binding to and different coactivator function levels for AR AF-2 ( Fig. 1B and C) , GRIP1, SRC-1a, and SRC-1e were similar in their abilities to serve as coactivators for full-length AR in transiently transfected mammalian CV-1 cells (Fig. 2) . The ability of AR to activate expression of a luciferase reporter gene (MMTV-LUC) with an androgen responsive mouse mammary tumor virus promoter was enhanced six-to ninefold by each of these coactivators, compared with the activity of AR alone. Since AR HBD bound SRC-1a weakly and did not bind SRC-1e, these results suggest the existence of an interaction between p160 coactivators and full-length AR in addition to the already known AF-2/NR box interaction.
Physical and functional interactions between AR AF-1 and p160 coactivators. The fact that SRC-1e is an efficient coactivator for full-length AR but completely lacks the ability to bind to or enhance the activity of AR AF-2, suggests that there may be another coactivator-AR interface that is different from the classical NR box-AF-2 interaction defined in previous studies. We therefore used GST-dependent protein-protein interaction assays, i.e., GST pulldown assays, to test for a physical interaction between AR AF-1 and p160 coactivators or coactivator fragments. [ 35 S]GRIP1, SRC-1a, or SRC-1e, or else N-terminal or C-terminal fragments of these coactivators, were synthesized in vitro and tested for binding to a fusion protein of GST and AR AF-1. Full-length GRIP1, SRC-1a, and SRC-1e, as well as C-terminal regions of these coactivators downstream from AD1, bound specifically to GST-ARAF1, compared with GST alone (Fig. 3) . In contrast, the N-terminal coactivator fragments containing the central NID and AD1, as well as the shorter C-terminal fragments containing AD2 but not the region between AD1 and AD2, failed to bind to AR AF-1 in vitro (Fig. 3) . Thus, AR AF-1 bound to a C-terminal region of p160 coactivators located downstream from AD1, and the region between AD1 and AD2 was essential for this binding. We designated this new NID as NID AF-1 .
To determine whether this physical interaction could allow the p160 proteins to serve as coactivators for AR AF-1, we tested the ability of the p160 proteins to enhance reporter gene activation by AR AF-1 fused to Gal4 DBD in transiently transfected CV-1 cells. As expected, AR AF-1 was a hormoneindependent AD. Full-length GRIP1 enhanced AR AF-1 activity up to sevenfold, and the degree of enhancement increased with the amount of coactivator expression vector transfected (Fig. 4) . Thus, GRIP1 can bind to and serve as a potent coactivator for AR AF-1.
Both AD1 and AD2 can function as downstream signaling domains for p160 coactivators. To explore the domains of p160 coactivators required to enhance AR AF-1 and AF-2 functions, the same fragments of GRIP1 and SRC-1 used for in vitro binding studies (Fig. 3) were tested for their ability to serve as coactivators for Gal4DBD-ARAF1 and Gal4DBD-ARAF2 fusion proteins in CV-1 cells. The N-terminal coactivator fragments contained the central NID, with its three NR boxes, and the AD1 signaling domain (Fig. 1A) . The C-terminal p160 protein fragments contained NID AF-1 and AD2; the SRC-1a C-terminal fragment also contained NR box IV, but GRIP1 and SRC-1e lack this extra NR box. The N-terminal fragment of GRIP1 failed to enhance AR AF-1 activity at all concentrations tested (Fig. 4) . In contrast, the C-terminal GRIP1 fragment was almost as good as full-length GRIP1 as a coactivator for AR AF- SRC-1a and SRC-1e also enhanced AR AF-1 activity with efficacies similar to that of GRIP1 (Fig. 5A) . C-terminal fragments of SRC-1a (amino acids 977 to 1441) and SRC-1e (amino acids 977 to 1399) corresponding approximately (by sequence alignment) to GRIP1 1122-1462 also functioned as efficient coactivators for AR AF-1. Shorter C-terminal fragments, GRIP1 1305-1462 , SRC-1a 1172-1441 , and SRC-1e 1172-1399 , failed to enhance AR AF-1 activity (Fig. 5A) , a result consistent with their failure to bind AR AF-1 (Fig. 3) . The full-length p160 coactivators and their various fragments were all expressed at similar levels in transiently transfected COS-7 cells, except that the shortest C-terminal fragments of GRIP1 and SRC-1a were expressed at higher levels (Fig. 5B) . Thus, the failure of some fragments to serve as coactivators for AR AF-1 was not due to lack of expression or stability.
The same p160 protein fragments were tested as coactivators for Gal4DBD-ARAF2. The N-terminal fragment of GRIP1 was a strong coactivator for AR AF-2 ( Fig. 5C ), presumably by using the combined NID and NID aux (25) to interact with AR AF-2 and by using AD1 (7, 55) to transmit the signal downstream to the transcription machinery. The C-terminal fragment of GRIP1 was inactive as a coactivator for AR AF-2, which was consistent with our previous finding that this region of GRIP1 cannot interact with AF-2 domains of any NRs (10) . Note that the same two GRIP1 fragments yielded the opposite results as coactivators for AR AF-1 (Fig. 5A) . Fulllength GRIP1 with mutations in NR boxes II and III (GRIP1. NRBIImϩIIIm) cannot bind to NR HBDs (10) and also did not enhance AR AF-2 function.
In contrast to the results with GRIP1, the N-terminal domain of SRC-1 was unable to serve as a coactivator for AR AF-2 (Fig. 5C) ; this reflected our previous findings that this region of SRC-1 does not interact with AR AF-2 (10) due to the lack of an NID aux function in SRC-1 (25) . However, the C-terminal region of SRC-1a exhibited a moderate coactivator activity for AR AF-2 (Fig. 5C ). In this coactivator fragment NR box IV provided a binding site for AR AF-2 (10); since AD1 was absent from this fragment, downstream signaling must have been due to AD2. The C-terminal fragment of SRC-1e did not enhance AR AF-2 activity (Fig. 5C) , which was consistent with its inability to bind AR AF-2 (Fig. 1B) . Thus, AD2 can serve as a downstream signaling domain when a small C-terminal fragment of SRC-1a binds AR AF-2 (Fig. 5C) or when a larger C-terminal fragment of GRIP1, SRC-1a, or SRC-1e binds to AR AF-1 (Fig. 5A) .
Independent function of p160 activation domains AD1 and AD2 with full-length AR. In the foregoing experiments reporter gene activation by individual activation functions of AR, fused to Gal4 DBD, was enhanced by fragments of the p160 coactivators. By using a more physiologically relevant test, we found that each of these coactivator fragments also substantially enhanced the activity of full-length AR, in this case with the rat probasin promoter; probasin is a prostate-specific gene (17, 44) . The GRIP1 N-terminal and C-terminal fragments each substantially enhanced the activity of full-length AR but had about one-third the coactivator activity of full-length GRIP1 (Fig. 6) . Thus, both p160 protein fragments were capable of functioning independently as coactivators for fulllength AR, and their actions are at least additive in the context of full-length GRIP1.
Mapping of the p300/CBP binding site. In order to test the contributions of AD1 and AD2 in the context of full length GRIP1, we wanted to identify mutations that would eliminate AD1 activity without affecting functions of other domains in GRIP1, especially NID aux which is essential for efficient binding of AR HBD (25) . GRIP1 amino acids 1011 to 1121 are sufficient for binding p300 (25) . Several sequence motifs in this region are highly conserved among p160 coactivators (Fig.  7A) . Substitution of alanines for conserved leucines 1079 and 1080 in GRIP1 reduced p300 binding by about 70%, whereas alanine substitutions for leucines 1063 and 1064 had no effect (25, 55) . To map further the sequences important for p300 binding, we deleted another highly conserved motif in this region, amino acids 1095 to 1106 (Fig. 7A) . In yeast two-hybrid assays this caused a loss of approximately 90% of the p300 binding activity (Fig. 7B) , demonstrating that this conserved motif is an important part of the p300/CBP binding site. A deletion of all the previously mentioned conserved sequence motifs (amino acids 1057 to 1109) resulted in an essentially complete loss of p300 binding, but had no effect on binding of AR or TR HBDs (Fig. 7C) . Since efficient binding of AR HBD requires the NID aux function located near the p300/CBP binding site, in addition to the central NID (25) , this result indicates that NID aux is located within amino acids 1011 to 1121 but outside of amino acids 1057 to 1109. In vitro, the GRIP1⌬1057-1109 mutation also caused loss of GRIP1 binding to a C-terminal CBP fragment fused to GST (Fig. 7D ), in agreement with the results obtained with p300 in the yeast two-hybrid system (Fig. 7C) .
Differential use of GRIP1's signal input and signal output domains by AR and TR. The experiment in Fig. 6 demonstrated that in the context of GRIP1 fragments the central NID (which binds AR AF-2) and NID AF-1 (which binds AR AF-1) can each serve as a functional NR-coactivator interface and AD1 and AD2 can each serve as a downstream signaling domain. To examine the roles of these two signal input and signal output domains in the context of full-length GRIP1, we expressed full-length GRIP1 with two types of mutations. First, NR boxes II and III were inactivated with leucine-to-alanine substitutions that changed the LXXLL motifs to LXXAA; this mutant GRIP1 cannot bind to NR HBDs but binds p300 as strongly as wild-type GRIP1 (10) . Second, AD1 was deleted; this mutation eliminated p300 binding but did not affect binding to NR HBDs (Fig. 7C) . These GRIP1 mutants were compared for their ability to serve as coactivators for AR and TR␤1. Both of these NRs have conserved AF-2 functions that are enhanced by p160 coactivators (7, 27) . Both AF-1 functions are important for robust enhancement of target gene transcription (20, 29) but differ dramatically in length and sequence.
Wild-type GRIP1 was a potent coactivator for full-length AR and full-length TR in transiently transfected CV-1 cells (Fig. 8A, construction a) . The reporter genes were controlled by a mouse mammary tumor virus promoter containing either the native GREs (for AR) or a TRE substituted for the native GREs (for TR). The NR box mutations completely eliminated GRIP1's coactivator function for TR but reduced coactivator function for AR by only ca. 40% (mutant b). This result reflects the ability of AR to interact with GRIP1 through either the AR AF-1 or AF-2 domain, and it demonstrates that the AF-1 interaction is sufficient to recruit full-length GRIP1 as a functional coactivator. In contrast, TR can apparently only interact with GRIP1 through the AF-2 interaction with GRIP1's NR boxes.
When AD1 was deleted, GRIP1 lost only about 30% of its coactivator function for AR and about 70% of its coactivator function for TR (mutant c). This result indicates that the GRIP1 AD2 is an effective downstream signaling domain in the context of full-length GRIP1 and suggests that the relative contributions of AD1 and AD2 to downstream signaling may vary somewhat, depending on which NR interacts with GRIP1. When the NR box and AD1 mutations were combined, the mutant GRIP1 was inactive with TR but still retained about 50% of wild-type GRIP1 function for AR (mutant d). In this last experiment, GRIP1 presumably interacted with AR through AR AF-1 and signaled to the transcription machinery through AD2, thus demonstrating the ability of each of these domains to contribute to coactivator function in the context of fulllength GRIP1. As in the above experiments with the mouse mammary tumor virus promoter (Fig. 8A) , the same GRIP1 mutants retained the ability to substantially enhance AR activity with the rat probasin promoter (Fig. 8B) , demonstrating that NID AF-1 and the AD2 signaling domain of GRIP1 can function with different types of promoters to which AR is bound.
The fact that GRIP1's ability to serve as a coactivator for TR was completely eliminated by mutations in NR boxes II and III suggests that TR may interact with GRIP1 only through the TR AF-2 domain, while AR interacts through both AF-1 and AF-2 domains. In vitro GST-dependent protein-protein interaction studies were used to compare interactions of TR and AR with the central NID of GRIP1 (amino acids 563 to 1121), containing the three NR boxes and NID aux , and the C-terminal GRIP1 fragment (amino acids 1122 to 1462) containing NID AF-1 . Full-length AR and TR were synthesized in vitro and tested for binding to the GRIP1 fragments in the presence or absence of the appropriate hormone, DHT or T3, respectively. Consistent with previous findings, the 35 S-labeled AR and TR bound in a hormone-stimulated manner to GST-GRIP1 563-1121 , which has been shown previously to bind the HBDs of a wide range of hormone-activated NRs (10) . In contrast, GST-GRIP1 1122-1462 bound AR but not TR (Fig.  8C) . The lack of an interaction between TR and the GRIP1 C-terminal region is consistent with our finding that TR was completely dependent on its AF-2 domain to interact functionally with GRIP1 (Fig. 8A) and indicates that TR AF-1 does not interact with the GRIP1 C-terminal region. The interaction between AR and the GRIP1 C-terminal fragment was stimulated by DHT, suggesting that the hormonally induced conformational change of AR is necessary for efficient interaction of GRIP1 with both the AF-2 and AF-1 domains of AR. FIG. 6 . GRIP1 N-terminal and C-terminal fragments independently enhance activity of full-length AR. CV-1 cells were transiently transfected with 0.25 g of pSVAR 0 encoding full-length AR, 0.5 g of rPB-CAT reporter gene (CAT gene driven by rat probasin promoter), and 1.25 g of pSG5.HA vector encoding no coactivator (Ϫ), full-length (FL) GRIP1, or the indicated GRIP1 fragment. CAT activity was determined from extracts of cells grown with or without DHT as indicated. Numbers above data bars indicate the activity relative to that with AR in the presence of DHT and absence of GRIP1.
DISCUSSION
Multiple physical and functional interactions between p160 coactivators and AR. It appears that all NRs that function as transcriptional activators have conserved AF-2 domains that can bind to NR boxes (LXXLL motifs) of p160 coactivator proteins (9, 10, 21, 50, 55) . However, within the apparent universality of this interaction between the NR and p160 coactivator protein families, there are many elements of NR binding specificity. Each NR box can efficiently bind a broad but not universal set of NR AF-2 domains (10, 50) , and this specificity is determined by the amino acid sequences within and surrounding the LXXLL motif (9, 40) . Coactivator sequences separate from the NR boxes (e.g., NID aux in GRIP1) contribute to efficient binding of some NR AF-2 domains (e.g., AR and glucocorticoid receptor HBDs) (25) . In addition, efficient binding of another subset of NRs (e.g., TR, retinoic acid receptors, and peroxisome proliferator-activated receptors) apparently requires simultaneous interaction of two adjacent NR boxes with the two AF-2 domains of the NR dimer (40, 41) .
Among NRs AR AF-2 has a particularly complex interaction with p160 coactivators, and the efficiency and mechanism of this interaction vary dramatically among different coactivator family members and splicing isoforms. AR AF-2 binds efficiently to GRIP1 through cooperative effects of NR box III and NID aux (10, 25) , with moderate efficiency to SRC-1a through NR box IV (10), and poorly or not at all with SRC-1e (Fig. 1B) . These differences in AR AF-2 binding efficiencies correspond to the relative coactivator activities of these p160 proteins for the AR AF-2 domain in the absence of AR AF-1 (Fig. 1C) . In contrast, all three p160 proteins function as efficient coactivators for full-length AR (Fig. 2) and for AR AF-1 (Fig. 5A) , due to the binding interaction reported here between AR AF-1 and the NID AF-1 site in the C-terminal region of the p160 coactivators (Fig. 3) .
Thus far the minimum p160 protein fragment that can bind AR AF-1 is GRIP1 1122-1462 or SRC-1a 977-1441 , which contains AD2 as well. The results of coactivator assays (Fig. 5 ) and protein-protein interaction studies (Fig. 3) for the SRC-1a C-terminal fragments provide additional information on the relative locations of NID AF-1 and AD2 within this C-terminal fragment. SRC-1a 1172-1441 worked as a coactivator for AR AF-2 ( Fig. 5C ) and therefore must contain an intact AD2 for downstream signaling, as well as an AF-2 interaction site (the C-terminal NR box IV). This same SRC-1a fragment was not a coactivator for AR AF-1, while the longer SRC-1a 977-1441 was (Fig. 5A) . Since the ability to serve as a coactivator for AR AF-1 correlated with the AR AF-1 binding activity of the two fragments (Fig. 3) , we conclude that the binding site for AR AF-1 involves the region between AD1 and AD2, e.g., SRC-1a amino acids 977 to 1172, but may also include more C-terminal residues.
The conserved nature of this AR AF-1 binding function among the three p160 family members suggests that it resides within the several conserved sequence motifs found in this region of the p160 protein family (1, 24) . Whereas essentially all NR AF-2 domains are structurally conserved (58) and interact with NR boxes of p160 coactivators (10), the AF-1 domains are not conserved in sequence, and only a subset of NR AF-1 domains interact with NID AF-1 . AR AF-1 interacted physically and functionally with NID AF-1 , but TR AF-1 did not (Fig. 8) . To date, the AF-1 domains of two other steroid hormone receptors have been shown to interact with p160 coactivators. The AF-1 region of ER␣ (but not ER␤) also bound to GRIP1 1122-1462 , and as reported here for AR this interaction was sufficient to allow the coactivator to enhance transcriptional activation by the steroid receptor (57) . PR AF-1 was shown to bind a large SRC-1 fragment composed of amino acids 361 to 1139 (43) . Since this SRC-1 fragment partially overlaps with the C-terminal fragments of SRC-1 and GRIP1 which we have shown to bind AR AF-1 (Fig. 3) , it is possible that the AF-1 regions of AR, ER␣, and PR all bind to the same site in the C-terminal regions of the p160 coactivators.
While recent studies with coactivators and corepressors have shed considerable new light on the mechanism of action of NR AF-2 domains (51), very little is known about the mechanisms of NR AF-1 function. Our finding of a direct interaction between AR AF-1 and p160 coactivators provides a new insight into the mechanism of AR AF-1 action and furthermore suggests that the AF-1 domains of at least some steroid hormone receptors surprisingly function through a common mechanism. Thus, in spite of their lack of primary sequence homology, it is possible that parts of the AF-1 domains of PR, ER, and AR have a similar three-dimensional structure that binds a common site on the C-terminal domain of p160 coactivators. Previous studies with AR have demonstrated that AR AF-1 and AR AF-2 can interact directly, and this interaction also contributes to synergistic transcriptional activation by these two domains (11, 33) . A recent study found that SRC-1 enhanced binding between AR AF-1 and AF-2, thus providing indirect evidence that p160 coactivators may in some way mediate cooperative interactions between AF-1 and AF-2 (27) . Combined with the above evidence, our finding that AR AF-1 binds directly to p160 coactivators suggests that three pairs of binding interactions between AR AF-1, AR AF-2, and p160 coactivators may be involved in the AR transcriptional activation mechanism, i.e., AF-1 plus AF-2, AF-2 plus p160 NID, and AF-1 plus p160 NID AF-1 .
Role for the AD2 domain of p160 coactivators in signaling to the transcription machinery. After interacting with the DNA bound NRs, p160 coactivators must use one or more ADs to transmit the activating signal from the NRs to the transcription 35 S-labeled full-length AR or TR was synthesized in vitro and then incubated with glutathione-Sepharose-bound GST or GST-GRIP1 fusion proteins in the absence or presence of the appropriate hormone (H, 1 M DHT for AR or 1 M T3 for TR) as indicated. Bound proteins were eluted and analyzed by SDS-PAGE and autoradiography. machinery. Two potential ADs were identified by testing fragments of the p160 proteins for their ability to activate transcription when fused to the DBD of a heterologous protein (7, 55) . Such assays can only identify potential activation domains, since they test protein fragments outside of their natural context. Specific coactivator assays are required to ascertain the true roles of these domains in the coactivator protein. Studies of the effects of deletion mutations on the ability of p160 proteins to serve as coactivators for NRs established a clear and important role for AD1 in downstream signaling and suggested in fact that AD1 might be the primary or only major signaling domain for p160 coactivators (7, 50, 55) . However, here we used a newly defined AD1 deletion mutation and C-terminal p160 fragments lacking AD1 to show that AD2 can also participate in the downstream signaling by p160 coactivators and that the contribution of AD2 is comparable in magnitude to that of AD1. With full-length AR, the effects of AD1 and AD2 were approximately additive or modestly synergistic (Fig. 6) . AD2 contributed to coactivator signaling in the context of either the full-length p160 coactivator ( Fig. 6 and 8 ) or a C-terminal p160 protein fragment that lacks AD1 (Fig. 4 to  6 ). AD2 signaling was triggered by binding of the coactivator to an NR AF-1 domain or AF-2 domain. The former was seen when AR was tested with a C-terminal coactivator fragment (Fig. 6 ) or with full-length GRIP1 containing NR box mutations and an AD1 deletion ( Fig. 8A and B) . The latter is best illustrated by experiments where the activity of full-length TR was enhanced by a GRIP1 mutant with a deleted AD1 region (Fig. 8A) and where a C-terminal SRC-1a fragment that lacked AD1 enhanced the function of AR AF-2 (Fig. 5C) .
AD1 functions by binding to CBP or p300 (7, 50) , which have acetyltransferase activities and may also directly contact elements of the basal transcription machinery (31, 42, 49, 59) . The mechanism of AD2 signaling remains to be established. A histone acetyltransferase activity was reported in the C-terminal fragment of SRC-1a (46) and ACTR (7), but whether this activity contributes to p160 coactivator function has not been established. Furthermore, the relationship of this activity to AD2 remains to be determined; preliminary deletion mapping studies suggest that regions responsible for the transcriptional activation and acetyltransferase activities do not overlap (7, 46, 55) . Recent studies in our lab may be relevant to the mechanism of AD2 function. We have identified a novel protein, coactivator associated arginine methyltransferase 1 (CARM1), which binds to the C-terminal region of the p160 coactivators and stimulates the activity of this p160 protein fragment fused to Gal4 DBD; when coexpressed with p160 coactivators, CARM1 also enhances the activity of NRs above that observed with the p160 coactivators alone. We propose that CARM1 serves as a secondary coactivator for NRs and represents a downstream target of the AD2 domain of p160 coactivators (6) .
Differential use of the multiple signal input and output domains of p160 coactivators by different NRs. The different results obtained for TR and AR with the various mutants of GRIP1 (Fig. 8A) suggest that, while the p160 proteins are universally used as coactivators by all NRs that are transcriptional activators, different NRs use different combinations of coactivator signal input and output domains. With regard to p160 signal input domains, AR, ER, and PR bind to p160 coactivators through two interfaces: NR AF-2 binds p160 NR boxes, with an assist from GRIP1 NID aux when GRIP1 binds to AR AF-2 (10, 21, 25, 50, 55) , and NR AF-1 binds NID AF-1 (43, 57) (Fig. 3) . In contrast, TR uses the AF-2 interface but not the AF-1 interface (Fig. 8A and C) . With regard to signal output domains, the differences in utilization of AD1 and AD2 were less dramatic; but AD2 made a stronger relative contribution to AR function and a weaker contribution to TR function (Fig. 8A) . We are currently investigating the specific usage patterns of the p160 coactivator input and output domains by other NRs. It is also possible that the relative contributions of AD1 and AD2 could be influenced by promoter or cellular context, e.g., different cell types may express different types or amounts of the downstream targets for AD1 and AD2, and the ADs and their target proteins could be regulated by posttranslational modifications or interactions with other proteins.
